Most crustal rocks derive from pre-existing crust, and so the composition of 16 newly generated ('juvenile') continental crust, and hence the tectonic settings of its 17 formation, have remained difficult to determine -especially over the first billion years of 18
presents a new way to see back to the U/Pb ratios of juvenile continental crust that 23 formed 100's to 1000's of millions years ago, based on ion probe analysis of Pb isotopes 24 in alkali feldspar and plagioclase inclusions within well-dated zircons. Pb isotope data are 25 used to calculate the time-integrated U/Pb ratios (i.e., 238 U/ 204 Pb = µ) for the period 26 between the Hf model age and the U-Pb crystallization age of the zircons. These time-27 integrated ratios reflect the composition of the juvenile continental crust at the time it was 28 extracted from the mantle, and so they can be used as a proxy for the tectonic setting of 29 formation of that crust. Two test samples with Proterozoic Hf model ages and Paleozoic 30 crystallization ages have feldspar inclusions with measured Pb isotope ratios that overlap 31 within analytical error for each sample. Sample Z7.3.1 from Antarctica has Pb isotope 32 ratios (mean 206 Pb/ 204 Pb = 16.88 ± 0.08, 1σ) that indicate it was derived from source 33 rocks with low U/Pb ratios (~0.11), similar to those found in subduction-related settings. 34
Sample TEMORA 2 from Australia has more radiogenic Pb isotope ratios (mean 35 206 Pb/ 204 Pb = 19.11 ± 0.23, 1σ) indicative of a source with higher U/Pb ratios (~0.36), 36 similar to magmas generated in intraplate settings. Analysis of detrital populations with a 37 range of Hf model ages (e.g., Hadean to Phanerozoic), and for which zircons and their 38 inclusions represent the only archive of their parent magmas, should ultimately open new 39 avenues to our understanding of the formation and the evolution of the continental crust 40 through time.
INTRODUCTION 42
The continental crust provides the principal record of the Earth's evolution during 43 the past 4.4 billion years. Despite recent advances in analytical techniques and the 44 explosion in the number of high quality analyses of rocks, minerals and sediments of 45
Publisher: GSA Journal: GEOL: Geology DOI:10.1130/G38117.1 Page 3 of 15 various ages and provenance, the question of how the continental crust formed and 46 evolved through time remains controversial. It is widely accepted that most of the rocks 47 of the continental crust (80%-90%) available for sampling were themselves derived from 48 pre-existing crustal rocks (e.g., Belousova et al., 2010; Roberts and Spencer, 2014) . Thus 49 the key to understanding the early stages of evolution of the continental crust is to 50 interrogate the geochemical record of the 'juvenile' crust, i.e. at the time of its extraction 51 from the mantle. 52 Dhuime et al. (2015) recently used Sr isotopes in whole rocks with a range of Nd 53 model ages of crust formation to evaluate the time-integrated Rb/Sr and silica contents of 54 juvenile continental crust. This study goes one step further and introduces a new 55 geochemical tool to distinguish subduction and intraplate settings of juvenile continental 56 crust generation. Our approach is based on the calculation of the time-integrated U/Pb 57 ratios from Pb isotope analyses of feldspar inclusions within zircon. The U-Pb system is 58 used because (i) measured U/Pb ratios are different in subduction-related magmas, which 59 have mean U/Pb = 0.10, and in intraplate-related magmas that have higher ratios and a 60 mean U/Pb = 0.37 ( Fig. 1 ); (ii) feldspar contains sufficient Pb (typically 40-100 ppm in 61 alkali feldspar, Doe and Tilling, 1967) for small inclusions (typically 30-40 µm) to yield 62 precise isotope ratios when measured in situ with an ion probe (Table DR1 ); (iii) feldspar 63 has low U/Pb ratios such that the measured Pb isotope ratios can be taken to be the same 64 as those at the time of crystallization (Doe and Tilling, 1967; Doe et al., 1965) ; and (iv) 65 the time-integrated U/Pb ratio (µ = 238 U/ 204 Pb) can be determined from both 206 Pb/ 204 Pb 66 and 207 Pb/ 204 Pb ratios (e.g., Oversby, 1974) . Which of these two ratios is used depends on 67 the geological age, given the change from relatively more rapid 207 Pb ingrowth in the 68 Publisher: GSA Journal: GEOL: Geology DOI:10.1130/G38117.1
Page 4 of 15
Hadean and early Archean to more rapid 206 Pb ingrowth subsequently (e.g., Oversby, 69 1974; Stacey and Kramers, 1974) . 70
Zircons preserve robust crystallization ages and their initial Hf isotope ratios 71 constrain when juvenile magma was separated from ambient mantle. This time is 72 commonly referred to as the Hf 'model age', because it is model-dependent (see a recent 73 review in Vervoort and Kemp, 2016) . Inclusions in zircon occur in rocks of all ages and 74 provenance (Cavosie et al., 2004; Darling et al., 2009; Hopkins et al., 2008; Maas et al., 75 1992; Nutman and Hiess, 2009) , and inclusions such as apatite and biotite preserve trace 76 element contents that can be linked to those in the matrix, and those of the rocks from 77 which zircons crystallized (Jennings et al., 2011; Bruand et al., 2016) . Radiogenic isotope 78 analyses in zircon and its mineral inclusions are now used here to explore the history of 79 the source precursor of these rocks. Integration of both trace element and isotope data on 80 mineral inclusions in the detrital zircon record will provide further insight into the 81 complex history of crustal evolution, especially for the early Earth where the rock record 82 is largely missing. 83
SAMPLES AND METHODOLOGY 84
This study was undertaken using two test samples, selected for a) the availability 85 of suitable material in Bristol; b) the presence of a few large (>30-40 µm) feldspar 86 inclusions within zircons ( Figure S1 in the GSA Data Repository 1 ); and c) a time period 87 greater than 500 m.y. between the Hf model age and U-Pb crystallization age for each 88 sample, to ensure reasonable resolution for the calculation of time-integrated 89 parent/daughter trace element ratios in long-lived radioactive decay schemes (Dhuime et 90 al., 2015) . Z7.3.1 is from a ca. 492 m.y. monzonite intrusion from Dronning Maud Land, 91
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Page 5 of 15 eastern Antarctica. The sample and the inclusions within zircons have been described by 92 Jennings et al. (2011) , and zircons have a Paleoproterozoic (ca. 1.9 Ga) depleted mantle 93
Hf model age ( Table DR2 in the GSA Data Repository 1 ). The second sample is the 94 TEMORA 2 zircon standard from the ca. 417 m.y. Middledale gabbroic diorite in the 95 Paleozoic Lachlan Orogen, eastern Australia (Black et al., 2004) . It has a younger, 96
Meso/Neoproterozoic Hf model age of ca. 1.0 Ga (Table DR2 and Woodhead and Hergt 97 (2005) ). 98
Heavy mineral fractions were concentrated using heavy liquids, and inclusion-rich 99 zircons were handpicked, mounted in epoxy, polished and examined by 100 cathodoluminescence, backscattered electron imaging, and energy-dispersive 101 spectrometry to identify and characterize feldspar inclusions. Pb isotope analyses on the 102 inclusions were carried out using a Cameca ims 1270 secondary ion mass spectrometer 103 (SIMS) at the Ion Microprobe Facility (EIMF), University of Edinburgh. Inclusions were 104 analyzed using a 4 nA O 2 primary ion source with a 22 keV net impact energy. The beam 105 was focused using Köhler illumination to ensure a uniform beam density. The primary 106 beam alignment resulted in ellipsoidal analysis pits with a maximum major axis length of 107 ~15 µm. In order to limit peripheral contamination the spatial resolution of the analyzed 108 area was limited further by the use of a field aperture, which restricts the secondary ion 109 signal to the center of the analysis pit. A fixed 2700 µm field aperture was used 110 throughout and the blank was <0.003% of the signal measured on a zircon crystal. The 111 instrument was operated in 'rectangular mode' in order to maintain optimum conditions 112 for flat topped peaks. Pb isotopes were analyzed at a mass resolution of >4000R using a 113 peak switching routine. The BaSiO 2 peak was used for energy centering on each analysis 114 Publisher: GSA Journal: GEOL: Geology DOI:10.1130/G38117.1 Page 6 of 15 and a 100eV energy window was used throughout. The Zr 2 O peak at mass 196 was used 115 to monitor potential overlap onto the zircon host. Secondary ion intensities were 116 measured using an electron multiplier in ion counting mode. A 5 µm 2 raster was applied 117 to the primary beam for 120 seconds in order to remove any surface contamination (e.g., 36.85, with 2 s.e. ~1.3% on average for these three isotope ratios (Table DR1 ). The 137
Publisher: GSA Journal: GEOL: Geology DOI:10.1130/G38117.1 Page 7 of 15 analysis of the single plagioclase inclusion is within error of those of the K-feldspar 138 inclusions (Fig. 2) , but the uncertainty on Pb isotopes ratios for the plagioclase inclusion 139 is about twice as large as for K-feldspar (2 s.e. plagioclase ~2.8%), because of its lower lead 140 content (Doe and Tilling, 1967) . 141
The abundance of K-feldspar inclusions within TEMORA 2 zircons is low, most 142 of the inclusions are very small (i.e., <<20 µm), and only two were large enough to be 143 analyzed (Fig. DR1) Our approach uses a two-stage model to calculate the µ = 238 U/ 204 Pb ratio of the 149 juvenile continental crust (Fig. 3A) . Stage 1 is the period of Pb isotope evolution of the 150 juvenile continental crust, from its extraction from a depleted mantle reservoir until the 151 formation of a derivative crustal melt from which the zircons and their inclusions 152 subsequently crystallized. Stage 2 is the period from the crystallization of those melts to 153 the present day. Our model therefore relies on knowing the crystallization age of the 154 zircon, and its model age that constrains when the source of the magma from which the 155 zircon crystallized was derived from the mantle. the Canyon Diablo troilite (CDT) at t 0 = 4560 Ma and a 2-stage model similar to that of 168 Stacey and Kramers (1975) , in which µ 1(4560-3700Ma) = 7.13 and µ 2(3700-0Ma) = 9.33 where 169 chosen to match the Gale et al. (2013) present-day MORB average. This mantle Pb 170 isotope evolution curve is similar to those previously published by Kramer and Tolstikhin 171 (1997) and Kamber (2015) . 172
Where M U and M Pb are the standard atomic weights of U and Pb, and ab 238 U and 174 ab 204 Pb are the relative abundances of 238 U as percent of total U and 204 Pb as percent of 175 total Pb, respectively. 176
In principle, our 2-stage model can also be applied to the 207 Pb/ 204 Pb isotopic 177 system. However given that the half-life of the decay of 235 U to 207 Pb is ~6 times lower 178 than that of 238 U to 206 Pb, the evaluation of 235 U/ 207 Pb with this method appears better 179 suited to samples with Hadean/early Archean model ages. 180
The Antarctica sample Z7.3.1 is particularly well suited for this study, because of 182 the presence of large and abundant K-feldspar inclusions within the zircons (see Fig.  183 DR1), and because there is ca. 1.4 billion years between its Hf model age and 184 crystallization age. This period is often referred to as the 'residence time', and it is long 185 enough to offer reasonable resolution on the back-calculation of the U/Pb ratios of the 186 juvenile continental crust ((U/Pb) JCC ). The (U/Pb) JCC ratios calculated for five K-feldspar 187 inclusions in this sample range from 0.11 to 0.12 (Fig. 3B ), and these ratios are similar to 188 the values observed in recent subduction-related magmas (see Fig. 1 ). Thus, although the 189 host monzonite magma for the zircons (and their inclusions) crystallized in the early 190
Paleozoic during the later stages of the collisional assembly of East and West Gondwana 191 (Jacobs and Thomas, 2004) , the monzonite magma was derived from crust that originally 192 separated from the mantle around 1.9 billion years ago in a subduction-related 193 environment. Flowerdew et al. (2012) analyzed K-feldspar separates from two ca. 520 194 m.y. granitoids from Dronning Maud Land, and they reported 206 Pb/ 204 Pb ratios of 16. 45-195 16.54 . Calculated (U/Pb) JCC ratios for these feldspars (ca. 0.09) also fall in the range of 196 subduction-related magmas (Fig. 1) , and so the tectonic setting of the continental crust 197 formation indicated by both feldspars from bulk rocks and from inclusions within zircons 198 is similar. 199 TEMORA 2 has a residence time of ca. 0.6 billion years that is also taken to be 200 large enough to estimate U/Pb ratios in its source (Fig. 3A) . The results are presented in 201 Figure 3B , and the calculated (U/Pb) JCC ratios range from 0.34 to 0.39. These ratios are 202 higher than the U/Pb ratios in most subduction-related magmas, but they are similar to 203 Publisher: GSA Journal: GEOL: Geology DOI:10.1130/G38117.1 Page 10 of 15 the U/Pb ratios in intraplate magmas (Fig. 1) . We conclude that the crustal source of the 204 TEMORA magma was generated in an intraplate setting at ~1.0 Ga, consistent with 205 paleogeographic reconstructions that place eastern Australia adjacent to western 206 Laurentia within the Rodinian supercontinent (e.g., Hoffman, 1991) . 207
Implications of the New Method 208
This study demonstrates that back-calculation of the U/Pb ratios of juvenile 209 continental crust can be used to constrain whether new crustal material was generated in a 210 subduction (Z7.3.1) or an intraplate (TEMORA 2) setting. Our approach highlights the 211 potential of interrogating the isotope record of mineral inclusions encapsulated within 
